sympathetic nerve activity, whereas regulatory function was activated by the sympathetic nerves.
INTRODUCTION
When managing patients with spinal cord injury, clinicians should try to improve the manifestations of autonomic nerve disorders and treat the motor palsy and anaesthesia resulting from somatic nerve disorders. Prevention or improvement of autonomic disorders can be expected, especially when the function of the sympathetic postganglionic fibres is preserved and peripheral vasomotor activity can be stimulated externally.
Therapeutic electrical stimulation (TES) has been used clinically to restore voluntary control, to improve peripheral circulation and vesicorectal disorders based on its efferent action, and to suppress spasmodic movement based on its afferent action. 1, 2 However, the mechanism of TES has yet to be elucidated; few experiments have been conducted to evaluate the effects of TES on autonomic dysfunction, including orthostatic hypotension. In this experiment, the changes in peripheral sympathetic nerve activity due to continuous electrical stimulation of the severed spinal cord were recorded using microneurography. 3 Using a rat model of spinal cord injury, we investigated the effects of TES on sympathetic nerve activity, as well as the mechanism of TES.
MATERIALS AND METHODS
Six Wistar rats weighing 200 g to 250 g were used because they could be firmly fixed to leading electrodes, stimulating electrodes, and experimental instruments using resin. We developed an easy-to-use device for the continuous application of TES. Variation among the rats was minimal because they had been bred in the same environment. Six was the minimum number that would allow detection of significant differences in the analysis of variance. This study was carried out in accordance with the standards for the care and keeping of laboratory animals.
Room temperature was maintained at around 26ºC throughout the experiment. Each animal was put in the supine position on a stereotaxic table after being intravenously anaesthetised with pentobarbital sodium (25 mg/kg). A skin incision was made on medial aspect of both thighs at the bilateral hind legs to expose the sciatic nerves. Tungsten microelectrodes with apical diameter of 1 µm and impedance of 3-5 Ω (UJ3002B; Unique Medical, Tokyo, Japan) were placed on the left and right muscular branches and cutaneous branches of the sciatic nerves. The animal was then put in the prone position and had the vertebral arch of the 12th thoracic vertebra removed. The spinal cord was exposed and completely transected with a surgical knife at the T12/T13 intervertebral disk level. The functional electrical stimulation electrode (SES114; GE, Tokyo, Japan) was inserted in the gastrocnemius muscle near the motor point, midway between the head of the fibula and the lateral malleolus.
Continuous TES was given for 72 hours immediately after severing the spinal cord using a custom-made, portable, long-term stimulator (ON 200-044; Unique Medical, Tokyo, Japan) at a frequency of 20 Hz and a voltage of 6-7 V (Fig. 1) .
The action potentials of the sympathetic nerves were recorded using microneurography by exposing the sciatic nerves on both sides and inserting tungsten microelectrodes (UJ3002B; Unique medical, Tokyo, Japan) with a tip diameter of 1 µm and an impedance of 3-5 Ω as leading electrodes. Each electrode was individually inserted and placed on a muscular branch to record the action potentials of muscle sympathetic nerve activity (MSA) or on a cutaneous branch to record the action potentials of skin sympathetic nerve activity (SSA) using an amplifier of 500 Hz to 5 kHz (MEM 4104; Nihon Kohden, Tokyo, Japan). In addition, one biological electrode (NE224S; Nihon Kohden, Tokyo, Japan) was placed on the skin surface of the ipsilateral side of the hind leg as a reference electrode, and another biological electrode was placed on the forehead as a body-earth electrode. An electrocardiogram was recorded with an approximate induction of II using a bedside monitor (BSM 8302; Nihon Kohden, Tokyo, Japan). Rectangular wave electrical stimulation was given at a strength of 15 mA and a duration of 0.2 ms using an electrical stimulation device (USC6, Medelec, UK) via a stimulation electrode placed on the frontal region of the rat.
The responses of SSA and MSA to stimulation were individually recorded 4 times (30 minutes each) at 0, 24, 48, and 72 hours after initiation of TES. The voluntary action potential of the electrocardiogram was recorded simultaneously (4 times, 30 minutes Sympathetic nerve activities by TES 169 each). TES was interrupted while recording the action potentials of the SSA, MSA, and electrocardiogram (Fig. 2) . The raw data obtained from the action potentials were converted from analogue to digital at 12-bit rate using a sample frequency of 1 kHz, and digitally processed using analysis software (BIMUTAS; Kissei, Tokyo, Japan). The time-reset integral values of 60 seconds were calculated after full-wave rectification of the SSA and MSA. The integral values obtained were compared and analysed using one-way analysis of variance. Scheffe's test was used to compare each group. The level of significance was considered significant when the probability value was less than 5% (p<0.05). Figure 3 shows the integral wave patterns at rest immediately after severing the spinal cord and before TES. SSA showed no spontaneous potential at rest, whereas MSA showed spontaneous potentials that synchronised with the R wave of the Figure 3 The integral waveform at rest before cordotomy: although no spontaneous SSA potential is observed at rest, MSA demonstrates cyclical, active potentials that synchronise with the R wave of the electrocardiogram (ECG) on both stimulated and non-stimulated sides (shown by dotted lines). 
RESULTS

DISCUSSION
Complications caused by the deterioration of sympathetic nerve function hinder the treatment and rehabilitation of patients with spinal cord injury. Therefore, the most important task is to control and alleviate these complications by finding the real cause. 4 MSA mainly controls the vascular smooth muscles and skeletal muscles and plays a role in controlling vascular resistance and metabolism. It is suppressed by input from baroreceptors and enhanced by input from chemoreceptors, nociceptors, and skeletal muscle receptors. 5, 6 SSA is known to consist of sudomotor nerve activity and cutaneous vasomotor nerve activity. In the present study, no significant difference was found between the integral values obtained from SSA on the stimulated side and the non-stimulated side.
After 72 hours of TES, however, a tendency for the integral value on the stimulated side to increase more than that on the non-stimulated side was noticed. This can probably be attributed to changes in local skin temperature and blood flow volume at the stimulation site.
A significant increase in the index of the sympathetic nerve activity at 72 hours after TES indicates that there may be another channel where stress from the experiment or muscle sensation input from TES ascends through a non-spinal cord pathway at the T12/T13 level to the sympathetic nerve centre. It is believed that afferent neurons of the sciatic nerve are present in L4/L5; postganglionic sympathetic nerves entering the sciatic nerve originate from the sympathetic ganglia in L3 and L4; and corresponding neurons of the preganglionic fibres exist from T13 to L2 in the rat.
Based on the fact that the integral values of MSA on the stimulated side were significantly greater than those on the non-stimulated side after 72-hour TES, communication with the preganglionic fibres was considered cut off at the T12/T13 level where the spinal cord was severed, whereas postganglionic fibres that originate at L3 and L4 are thought to extend to the neurons in the dorsal root ganglia and distal sites of the nerves. It has also been reported that axon collaterals of sensory nerve groups III and IV extend to the sympathetic ganglia where sensitivity is controlled.
